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The magnetic coupling in Fe/Ag/Fe sandwich structures has been studied using scanning electron microscopy with
polarization analysis (SEMPA). when atomically well-ordered Ag spacer layers are grown epitaxially on an Fe whisker
substrate, the coupling between the Fe substrate and the top Fe film is found to oscillate between ferromagnetic and
antiferromagnetic as a periodic function of the Ag thickness. The magnetic coupling is composed of two oscillatory
components with periods of 2.3740.07 and 5.73+0.05 Ag layers. The oscillations persist for Ag spacer films that are up to
at least 50 layers thick. These periods are consistent with theoretical models that predict that the oscillatory coupling length
scale is determined by spanning vectors of the spacer material’s Fermi surface. Biquadratic coupling was also observed in
these structures. The relative strength of biquadratic to bilinear coupling was found to depend on the thickness of the: top Fe

film.

1. Introduction

The exchange coupling between magnetic thin
films separated by certain nonmagnetic spacer
layers is found to oscillate between ferromagnetic
(FM) and antiferromagnetic (AFM) as a function
of the spacer thickness. Understanding the origin
of this oscillatory magnetic coupling is both of
intrinsic interest and has important implications
for sensor technology, but understanding these
magnetic properties requires films that are struc-
turally well characterized. The atomic-scale qual-
ity of the film growth critically influences such
coupling properties as periodicity, strength, and
direction. While nearly all exchange coupled
polycrystalline films seem to show about the same
oscillation period, about 1 nm [1], atomically
well-ordered, single-crystal epitaxial films exhibit
more complex behaviors. In addition to the long-
period oscillations, short-period oscillations with
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a period of a few atomic layers have also: been
observed for Fe films separated by Cr [2-4], Mn
(5], Au [6], Mo [7], and for Co films separated by
Cu [8,9]. The dramatic sensitivity of the exchange
coupling to atomic-scale film roughness that was
observed for Fe/Cr/Cr [2] has verified model
calculations which show that just a small amount
of roughness, even a quarter of a monolayer, is
enough to obscure the short-period oscillations
[10].

Oscillatory coupling has not previously been
observed in Fe/Ag/Fe muitilayers [1,6,11]! Only
FM coupling has been observed in these films
with the coupling monotonically decreasing with
increasing Ag thickness and vanishing after about
7 layers. This lack of AFM coupling is ‘unex-
pected since oscillatory coupling is observed for
the other noble metal multilayers, Fe/Cu/Fe
[11] and Fe/Au/Fe [6]. Ag should also grow well
on Fe because of the small lateral mismatch to
the Fe lattice. In this paper, we report the first
observation of oscillatory, thickness-dependent
coupling through Ag in high-quality Fe /Ag/Fe
sandwich structures.
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We have found that when atomically flat Ag
spacer layers are grown on Fe whisker substrates,
the coupling oscillates between FM and AFM
with a periodicity that can be decomposed into
both long- and short-period contributions. The
long-period is 5.73 +0.05 Ag layers (1.17 + 0.01
nm) and the short-period is 2.37 + 0.07 Ag layers
(0.485 + 0.014 nm). The oscillations are seen to
persist for Ag layers that are up to at least 50
monolayers (10.2 nm) thick. These periodicities
are consistent with the 2.4 and 5.6 layer periods
that are predicted by Ag Fermi surface spanning
vectors [12]. This agreement supports theoretical

models of the exchange coupling in which the

periodicity of the oscillations are determined by
the exact size and shape of the spacer layer Fermi
surface.

In addition to the FM /AFM coupling, regions
of magnetization along a direction lying in the
surface, but perpendicular to the FM /AFM
alignment, were also observed. This type of cou-
pling was previously observed in Fe /Cr/Fe [2,13]
and Co/Cu/Co [14]. The perpendicular coupling
is attributed to a ‘biquadratic’ exchange coupling,
whereas the FM/AFM alignment results from
the usual ‘bilinear’ exchange coupling. The
Fe /Ag/Fe biquadratic coupling is found to be
very sensitive to the thickness of the Fe film
overlayer, becoming relatively stronger as the Fe
film thickness increases.

2. Experimentals

The experimental procedures used to investi-
gate the Fe /Ag/Fe coupling were similar to those
used in previous measurements of Fe /Cr/Fe [2].
The magnetization, crystalline order, and chemi-
cal composition of the films are measured using
scanning electron microscopy with polarization
analysis (SEMPA) [15], reflection high-energy
electron diffraction (RHEED), and scanning
Auger microscopy, respectively. All of the analy-
sis is done in situ and, when necessary, during
film evaporation. The films are grown on the
(100) surface of a single-crystal Fe whisker sub-
strate. The Fe whiskers are used because ex-
tremely flat, well-ordered surfaces can be ob-
tained following well established cleaning proce-
dures [16]. Scanning tunnelling microscope im-
ages of whiskers taken from the same growth
‘boat’ show a step density of only about one
single atomic height step per square pm {17].
RHEED patterns from the bare whiskers show
sharp diffraction spots distributed along Laue
rings. The only major defects present are isolated
Fe mounds, separated by 10-100 pm that are
usually found near the edges of the whisker.
Immediately before thin film deposition, the Fe
whiskers are cleaned by Ar ion sputtering fol-
lowed by annealing to 800°C. Auger spectra indi-
cate that this cleaning procedure reduces the
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Fig. 1. An exploded schematic view of the of the sample structure showing the Fe(100) single-crystal whisker substrate, the
evaporated Ag wedge, and the Fe overlayer. The arrows in the Fe show the magnetization direction in the two domains.
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surface contamination, which was mostly oxygen,
to below 0.05 monolayers.

After the whisker cools down from the anneal,
a Ag wedge is deposited on the whisker by gradu-
ally moving a shutter in front of the sample
during evaporation. A schematic drawing of the
wedge is shown in fig. 1. The slope of the wedge
is very small, about 0.001°. The crystalline order
and thickness of the Ag wedge are measured
using scanning RHEED ([17]. The wedge is then
coated with a thin, approximately 1 nm thick, Fe
film. The type of magnetic coupling is then deter-
mined by using SEMPA to measure the direction
of the magnetization in the top Fe layer. An Fe
whisker that is divided lengthwise into two oppo-
sitely magnetized domains is used in order to test
for and eliminate any instrumental offsets in the
SEMPA measurements.

3. Ag growth results

The optimum conditions for Ag growth were
determined by measuring RHEED profiles and
thickness-dependent intensity oscillations from
Ag wedges grown at various substrate tempera-
tures and Ag evaporation rates. The best growths
are obtained for substrate temperatures between
60 and 100°C, and for evaporation rates between
0.07 and 0.8 monolayers/s. RHEED patterns
from Ag films grown at slower evaporation rates
show additional diffraction spots, indicative of
rougher, more three-dimensional growth. Ag films
grown at higher temperatures yield two-dimen-
sional RHEED patterns, that are as sharp as at
lower temperatures, but SEMPA measurements
and a lack of RHEED intensity oscillations indi-
cate poor-quality film growth. This surprising re-
sult is understood by examining the topography
of these films with the scanning electron micro-
scope which shows that the films are broken-up
into micrometer-sized regions. The size of these
regions indicates that the steps in the substrate
Fe whisker may possibly influence the growth at
elevated temperatures. Even though the lateral
mismatch between the bec Fe and fec Ag rotated
by 45° is only 0.8%, the single atom Ag layer
spacing perpendicular to the surface is 42% larger

10

Intensity (arb. units)

oL . . . .
0 5 10 15 20 25
Ag Thickness (layers)

Fig. 2. The RHEED intensity as a function of Ag thickness
obtained by scanning the focused incident electron beam
along the uncovered Ag wedge.

than the Fe. This mismatch may introduce signifi-
cant strain at Fe steps which results in the forma-
tion of the mosaic structure at higher tempera-
tures.

The Ag growth quality as a function of Ag
thickness is qualitatively evaluated by measuring
the RHEED intensity along the length of the
wedge. Such a RHEED scan is shown in fig. 2 for
a Ag wedge grown under optimal conditions. The
line scan is obtained by measuring the intensity of
the specular diffraction beam as the focused inci-
dent electron beam is rastered across the speci-
men. For this measurement, the incident electron
energy is 10 keV and the incident angle is about
2°. The line scan shows that the Ag grows in
several thickness dependent phases. For the first
3-4 layers the RHEED pattern shows significant
disorder and roughness, and the RHEED inten-
sity ‘oscillations are barely visible, aside from a
transient near one monolayer. As the Ag spacer
becomes thicker, the quality of the growth im-
proves and strong RHEED oscillations are ob-
served between 6 and 20 to 30 layers. Over this
thickness range the RHEED oscillations develop
a cusp-like shape which is another indication of
high-quality layer-by-layer growth {19]. However,
the RHEED pattern indicates that the Ag never
becomes as well ordered as the bare Fe substrate.
Finally, in the thicker part of the wedge, the Ag
growth front becomes rougher and the oscilla-
tions become smaller and eventually disappear
after about 50 layers of total thickness.
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3.1. Oscillatory coupling results

Examples of SEMPA and RHEED images ob-
tained from the same sample are shown in fig. 3.
The thickness of the Ag wedge is measured using
the intensity oscillations in the bare Ag scanned
RHEED image. The RHEED intensity maxima
are assumed to correspond to integer layer cover-
ages. The RHEED and SEMPA images are regis-
tered by aligning defect structures common to
both images. By measuring the Ag thickness with
the scanning RHEED technique we avoid any
errors in the thickness measurement due to
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time-dependent variations in the evaporation
rates or due to local irregularities in the shape of
the shutter. The small distortion in the thickness
contours in the RHEED image is the result of
such a rough spot on the shutter. After coating
the Ag wedge with 3 layers of Fe the SEMPA
images of the in-plane magnetization compo-
nents, M, and M,, were obtained. M, is the
magnetization component along the magnetiza-
tion direction of the Fe whisker substrate. Oscil-
lations between FM and AFM coupling are most
clearly visible in this magnetization component.
Note that while this method of measuring the

Ag thickness

Fig. 3. A scanned RHEED image of an uncovered Ag wedge, and SEMPA images, showing the in-plane magnetization
components, M, and M,, of the same wedge after coating it with 3 layers of Fe. The RHEED image was used to calibrate the Ag
thickness.
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Fig. 4. The Ag thickness dependence of M,, M,, and the
in-plane magnetization angle, 6, derived from the images in
fig. 3. The angle is plotted so that 0° (180°) corresponds to FM
(AFM) coupling.

coupling is extremely sensitive to whether the
coupling is FM, AFM or zero, it does not give a
direct measurement of the strength of the cou-
pling. M, is the simultaneously measured in-plane
magnetization component orthogonal to the
whisker axis. This component emphasizes the
widths of the FM/AFM transition zones, and
therefore the relative strength of the biquadratic
coupling. Vector addition of these two magneti-
zation components gives the magnitude and di-
rection of the in-plane magnetization vector.

Fig. 4 shows M,, M, and the magnetization
angle derived from the images in fig. 3 and plot-
ted as a function of Ag thickness. Several note-
worthy features of the Fe /Ag/Fe magnetic cou-
pling are immediately obvious from the magneti-
zation data:

(1) The first fluctuation in the magnetic cou-
pling occurs at a Ag thickness of about 4 layers.
In this initial oscillation the Fe film does not
rotate all the way into the AFM orientation,
however. The first complete AFM coupling rever-
sal occurs after 8 layers.

(2) The coupling appears to oscillate with a
long-period that varies between 5.3 and 6.4 lay-
ers. We will show that this variation results from
the presence of two different oscillatory coupling
periods.

(3) Distinct oscillations in the magnetic cou-
pling with a period of about two layers are ob-
served at Ag thicknesses of 14 and 26 layers. The

appearance of these oscillations, especially the
one at 26 layers, depends sensitively on the qual-
ity of the film growth. They only appear in the
better-quality film growth.

(4) At least eight complete coupling oscilla-
tions are observed over a Ag thickness range of
about 11 nm or 53 layers.

(5) Finally, the transition zones between FM
and AFM coupling become wider as the Ag wedge
becomes thicker. This broadening of the transi-
tions suggests that the relative strength of the
biquadratic coupling increases as the Ag spacer
becomes thicker and /or rougher.

In order to be more quantitative about the
coupling periodicities, we model the SEMPA re-
sults by using the following procedure. First, we
Fourier transform the M, data in order to get
approximate values for the two major periodic
components, d; and d,. We then model the inter-
layer coupling beginning with the function,

f=A, sin(2wt/d, + d,)
+A, sin(2wt/d, + D)), (1)

where @, and @, are the adjustable phases, and
A, and A, are the adjustable amplitudes of the
respective periodic components. This continuous
function is then discretized at the Ag lattice val-
ues so that each monolayer corresponds to only
one coupling strength. The thickness at which the
magnetization changes sign is determined by tak-
ing the weighted average of the coupling from
adjacent monolayers. Finally, all positive values
of the coupling function are set to the same
positive magnetization value and all negative cou-
pling values are set to the equal but opposite
magnetization. The exact coupling periods and
uncertainties are determined by varying the peri-
odicity and searching for the best match bétween
the calculated and measured magnetizations. For
each value of the periods, the phases and ampli-
tudes are adjusted to optimize the fit. In fig. 5 the
result of the best fit model calculation is shown
and compared with measurements from two dif-
ferent Fe/Ag/Fe wedges. For this calculation:
d, = 2.37 layers, d, = 5.73 layers, @, = 4.80, ¢, =
—0.43, and A4,/A, = 1.02. Except for some extra
short-period oscillations at thicker coverages, the
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model reproduces all of the oscillatory features in
the data. The lack of short-period fine structure
in the data at higher coverages is not surprising
since this structure is very sensitive to roughness
and our RHEED measurements show that the
thicker Ag grows rougher. Including roughness in
the model that is only on the order of 10% of a
layer is enough to eliminate most of the small
structure from the calculation.

Measurements of the thickness dependence of
the magnetic coupling, and in particular, of the
oscillatory coupling period(s) provide a simple
test of different theoretical coupling models. In
particular, for models which use an Ruderman—
Kittel-Kasuya- Yoshida (RKKY)-type interaction
to generate the coupling, the periodicity of the
coupling is directly related to the size and shape
of the Fermi surface of the spacer material.
Specifically, the periodic response of the material
is dominated by wavevectors that are perpendicu-
lar to the interface and span nearly parallel parts
of the Fermi surface. There are two determina-
tions of Ag(100) Fermi surface spanning vectors
that are currently available and yield similar val-
ues. Bruno and Chappert [12] use a nearly free
electron fit to de Haas-van Alphen and cyclotron
resonance measurements of Fermi surface ex-
tremals as the basis for their Fermi surface calcu-
lations of the noble metals. For Ag(100) they
predict coupling periodicities of 5.58 and 2.38

Sy ) ' ' 'Experime'm
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Fig. 5. The results of the model calculation described in the
text are compared with the M, magnetization measurement
from fig. 4 along with a similarly processed SEMPA measure-
ment from a different wedge (dotted line). The calculated
(bottom) and measured (top) curves are shown both sepa-
rately and overlaid. 2.37 and 5.73 Ag layer coupling periods
were used in the model calculation.

layers. Stiles [20] obtains similar periodicities us-
ing a tight-binding fit to a local density approxi-
mation Ag band structure and from that com-
putes the interface Fermi surface spanning vec-
tors. Thus the calculated short oscillation period
is within the +3% error estimate of our mea-
sured value, while the predicted long-period is
about 2.5% larger than the measured period with
its +1% error estimate. This small descrepancy
might be related to uncertainties in the calcula-
tions or to some tetragonal distortion of the Ag
due to the small lattice mismatch with Fe.

3.2. Biquadratic coupling results

In addition to the FM/AFM coupling, the
Fe/Ag/Fe sandwiches also exhibit significant bi-
quadratic coupling. Phenomenologically, the ex-
change coupling energy per unit area can be
written as [13]:

E=Ap[l-m,-m,] + %312[1 = (m, "”2)2]’
(2)

where m, and m, are the unit magnetization
vectors in the two Fe layers, and A4, and B,, are
the bilinear and biquadratic coupling coefficients,
respectively. The exchange coupling in the multi-
layers is usually dominated by the bilinear term,
except at the transitions between FM /AFM cou-
pling where A,, reverses sign and the average
value of the bilinear coupling goes through zero.
In these transition regions the biguadratic cou-
pling dominates and the magnetization of the top
Fe film is no longer parallel or antiparallel to the
Fe whisker magnetization. The width of this tran-
siton zone is therefore a qualitative measure of
the relative strength of the biquadratic coupling.
Note that these transition regions are not simply
domain walls in the Fe film, since they are much
wider than domain walls and they scale inversely
with the slope of the Ag wedge. In order to make
the relationship between B, and the direction of
the magnetic coupling more quantitative, the to-
tal magnetic energy of the multilayer, including
crystalline anisotropy, intralayer exchange and
magnetostatic contributions, must be calculated
and minimized [13].
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One interesting feature of the Fe /Ag/Fe cou-
pling that was not observed in our previous
Fe/Cr/Fe measurements is the sensitivity of the
biquadratic coupling to the thickness of the top
Fe layer. Figure 5 shows SEMPA measurements
of the same Ag wedge covered with two different
thickness Fe layers. M,, M, and a line scan of
the magnetization angle are shown for a wedge
coated with 3 layers of Fe and for the same
wedge after an additional 4 layers were deposited
(7 Fe layers in total). For both Fe coverages the
relative strength of the biquadratic coupling,
judging by the transition zone widths, increases
with increasing Ag thickness, possibly due to a

3 Fe layers

decrease in the bilinear coupling and an increase
in the Ag roughness for thicker Ag interlayers. In
addition as the Fe coating becomes thicker, the
widths of the FM /AFM transitions become larger
and in the thicker part of the Ag wedge the
FM/AFM coupled regions have disappeared en-
tirely leaving behind only 90° coupled domains.
These results suggest that the relative strength of
the biquadratic coupling increases as the Fe film
becomes thicker. Note, however, that in addition
to the change in the width of the FM/AFM
transition, the shape of the transition also
changes. For the thin Fe film the line scan of the
magnetization angle shows that the magnetization

7 Fe layers

0 10 20 30 40 0 10 20 30 40
Ag Thickness (layers)

Fig. 6. Magnetization images of M, and M,, and a line scan of the magnetization angle, 8, of the same wedge are shown for a 3

layer Fe overlayer, and after increasing the Fe overlayer thickness to 7 layers.
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rotates almost continuously across the FM /AFM
transtion, while in the thicker Fe film the magne-
tization in the -transition region prefers to be
orthogonal to the whisker magnetization. This
change in the transition shape is due to the
increased strength of the bulk crystalline
anisotropy in the thicker Fe film. In relating the
relative strength of the biquadratic coupling to
the FM/AFM transtion width, therefore, these
changes in film anisotropy must also be taken
into account.

The thickness dependence of the biquadratic
coupling provides a possible test of theories re-
garding the as yet unresolved origin of the bi-
quadratic coupling. The possibility that the bi-
quadratic coupling is the result of a higher-order
interaction term in the coupling Hamiltonian has
been suggested [13]. In this case the biquadratic
coupling does not depend on the Fe film thick-
ness. An alternative explanation has been pro-
posed by Slonczewski [21] in which the bi-
quadratic coupling is the result of spatial fluctua-
tions in the bilinear coupling caused by thickness
fluctuations in the spacer layer. At coverages
where the thickness fluctuations correspond to
reversals in the sign of the bilinear coupling, the
magnetization will favor the 90° coupling. For Fe
films that are thin relative to the island size
Slonczewski’s model predicts a biquadratic cou-
pling:

B\, = —2(AA,;)’L2/(w*4D), (3)

where AA,, is the fluctuation in the bilinear
interlayaer exchange coupling, L is a characteris-
tic island length scale, 4 is the Fe-Fe intralayer
exchange, and D is the Fe film thickness. The
model therfore predicts that the strength of the
biquadratic coupling should decrease with in-
creasing Fe thickness. Our observations indicate
the opposite trend, but other film parameters,
such as exchange, anisotropy and roughness may
also change with film thickness and these contri-
butions to the total magnetic energy of the
mulilayer should also be included in order to
derive By, from our magnetization measure-
ments.

4. Conclusion

We have shown that by growing well ordered
epitaxial Ag films on Fe whiskers it is possible to
observe oscillatory exchange coupling in
Fe/Ag/Fe(100). The coupling oscillates with a
long-period of 5.73 + 0.05 Ag layers and a short-
period of 2.37 £ 0.07 Ag layers. The observed
periods are consistent with RKKY-like coupling

~ theories in which oscillation periods are derived

from Fermi surface $panning vectors. In addition
to the bilinear coupling, biquadratic coupling was
also observed. The strength of the biquadratic
coupling relative to the bilinear coupling was
found to increase with increasing Fe overlayer
thickness. This work emphasizes that an under-
standing of the exchange coupling in magnetic
multilayers and the possibility of fruitful compar-
isons of measurements to theory depends criti-
cally on our ability to grow well characterized,
nearly atomically perfect multilayers structures.
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Note

Since the submission of this paper, we have
received a preprint describing optical and ferro-
magnetic resonance observations of coupling os-
cillations in Fe /Ag/Fe [22].
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